Abstract. The swimming of a 3D fish-like body with finlets is numerically investigated at Re = 1000 (the Reynolds number is based on the uniform upstream flow and the length of the fish-like body). The finlets are simply modeled as thin rigid rectangular plates that undulate with the body. The wake structures and the flow around the caudal peduncle are studied. The finlets redirect the local flow across the caudal peduncle but the vortical structures in the wake are almost not affected by the finlets. Improvement of hydrodynamic performance has not been found in the simulation based on this simple model. The present numerical result is in agreement with that of the work of Nauen and Lauder
Introduction
The high performance of fish locomotion has attracted the attention of both biologists and engineers for a long time. The hydrodynamic efficiency and maneuverability have been the subject of numerous studies. For example, Bainbridge [1] studied the relationship of body length, tail beat frequency and swimming speed; Wu [2] used the two-dimensional undulating plate theory to predict the swimming performance; and Lighthill [3] extended the three-dimensional slender-body theory to calculate the hydrodynamics. Recently, Zhu et al. [4] studied the three-dimensional flow structures and vorticity control using a fish-like model and nonlinear inviscid flow method. Zhang et al. [5] investigated experimentally the interaction of a deformable filament (a passively swimming fish) with the surrounding flows. Later, Zhu and Peskin [6] performed a numerical simulation based on the experiment of Zhang et al. [5] . Lauder et al. [7] analyzed the pectoral fin swimming in sunfish experimentally. Dong et al. [8] quantitatively characterized the propulsive performance of the pectoral fin using numerical simulation. A recent review on fish swimming was given by Bandyopadhyay [9] . Compared with experimental study, numerical simulation has some advantages in control of fish-body kinematics and availability of data for the entire flow field. Thus it is playing a more and more important role in studying fish swimming, especially the role of appendages, such as dorsal fin, anal fin and pelvic fin etc. In this paper, the role of finlets is investigated using numerical simulations.
Finlets are small non-retractable fins located on the body margins between the dorsal/anal fins and the caudal fins [10] . The fish with finlets usually is capable of performing high-performance locomotion, such as mackerel, tuna and bonito. Some of the finlets are rigid and flat, while others are flexible. The total surface area of the finlets can reach 15% of the caudal fin.
Because of the special position and the relatively large area proportion of the finlets, it is suspected that the finlets play a role in fish locomotion. Walters [11] proposed that the finlets direct flow longitudinally along the body and prevent rolling; while Webb [12] and Lindsey [13] proposed that the motion of the finlets can reduce the drag in swimming by preventing the separation of the boundary layer. Nauen and Lauder [14] studied the flow around the caudal peduncle and finlets of the chub mackerel scomber japonics, and claimed that the finlets have a hydrodynamic effect on local flow. Bandyopadhyay [9] postulated that the finlets enhance the main thrust jet by producing a pair of counterrotating vortices with an intervening jet converging toward the tail. To summarize, the role of finlets is still controversial.
In order to investigate the role of finlets, the present work numerically simulates the swimming of a three-dimensional fish-like body with and without finlets. The finlets are modeled as continuous thin rigid plates attached to the contraction region of the dorsal and ventral ridges. The finlets undergo undulation with the body. With this finlets model, the results of the present work indicate that the finlets direct the local flow around the caudal peduncle, but have little effect on wake structures. This result partially supports the hypothesis of Webb [12] and Lindsey [13] , and is in agreement with the work of Nauen and Lauder [14] . However, the finlets model used in the present work is different from the morphology of a real fish. To further verify this hypothesis, simulation based on the geometries and kinematics of real fish will be performed in the future work. This paper is organized as follows. The numerical model and method are given in Section 2. The numerical observations and discussions are presented in Section 3. Finally, conclusions are drawn in Section 4.
Numerical model and method

Numerical model
In the present work, we consider a fish-like body undergoing prescribed undulation in a uniform flow. The unsteady three-dimensional incompressible Navier-Stokes equations are solved to simulate the swimming of the fish-like body. The governing equations are
where u and p are the velocity and pressure respectively. f is the body force representing the boundary in the Immersed Boundary (IB) method. Re = UL/ν is the Reynolds number, where U is the velocity of the uniform upstream flow; L the length of the fish-like body and ν the kinematic viscosity.
A three-dimensional fish-like body representing the shape of a tuna is employed in the simulation. The parameters of the body shape used in this study are taken from the work of Zhu et al. [4] , with a little modification around the caudal peduncle according to Wu and Wang [15] . The geometry of the fish-like body is shown in Fig. 1 .
The undulation of the fish-like body is prescribed in a body-fixed coordinate system x-y-z. The motion is in the form of a traveling backbone wave with smoothly varying amplitude and phase speed. The following form of the backbone wave is used in the present work [4] ,
Here k w = 2π/λ is the wave number, where λ is the wavelength. ω is the circular frequency. x = 0 is located at a distance of 0.3 body length from the nose and the positive x-axis is in the direction from the nose to the tail. c 1 and c 2 are two parameters that represent the variation of amplitude along x. The caudal fins undergo a pitch motion about the caudal peduncle. The frequency of the pitch motion is the same as that of the backbone wave-like motion; while its phase angle lags that of the lateral motion of the caudal peduncle by a constant. The angle of attack of the caudal fin, θ, is given by
Here α is the maximum angle of attack and x p is the x-coordinate of the peduncle; ϕ the phase difference between the motion of the peduncle and that of the caudal fin.
Numerical method and settings
The Immersed Boundary (IB) method is used to simulate the swimming of the fish-like body. In this method, the effect of the complex geometries on the external flows is representing as a body-force term, thus simplify the mesh-generation procedure for complex geometries. The IB method is first induced by Peskin [16] to study a deformable boundary interacting with a fluid. This method was later extended to treat rigid boundary and now many variants of IB method exist [17] [18] [19] . The Navier-Stokes equations (2.1) and (2.2) are solved on a Cartesian grid. The basic solver uses the discrete stream function approach. This approach has the advantages that the divergence-free condition is satisfied to machine precision and there are no splitting errors associated with it. The discrete form of the Navier-Stokes equations can be expressed by a matrix form as:
where s, q and f are the discrete stream-function, pressure, and body force respectively. q b is the boundary condition on pressure. A, G, D, R, and C, are the implicit operator, gradient operator, divergence operator, rotation operator and the curl operator respectively. An unstructured, triangular mesh is used to track the surface of the fish-like body. The direct forcing IB method is used to enforce the non-slip boundary condition on the complex surface of the fish. For the technical details of this numerical methodology and some benchmark validations, please refer to [20] .
The present simulation is conducted in a domain of 6L×1L×1L. The non-slip boundary condition is applied on the surface of the moving boundary. The boundary condition at the inlet is a uniform flow. The outflow boundary condition is used at the outlet. Symmetric boundary conditions are set at the front, back, top and bottom boundaries.
The parameters to prescribe the motion of the fish-like body are: λ = 1.22, ω = 2π, c 1 =0.0, c 2 =1.55, α=π/6.0, ϕ=π/2.0, where λ is non-dimensionalized by the length of the body L, and ω is non-dimensionalized by the characteristic circular frequency U/(2πL) [15] .
The Reynolds number is taken as 1000. A uniform mesh of 300×50×50, with mesh size h = 0.02L, is used in the simulation. The number of Lagrangian nodes representing the surface of the fish-like body is 1200. The time step is dynamically computed by fixing the maximum CFL number at 0.5 in the simulation. The maximum CFL number is defined as
where, U i is the normal component of velocity on face i; h 1 and h 2 the distances between the face i and the centroids of its two neighboring cells.
To investigate the influence of computational domain and mesh size on the numerical results, the simulation of the fish-like body swimming with finlets is conducted on two more cases: one case is set for a larger computational domain of size 12L×2L×2L with the same mesh size h=0.02L and another is set for the same computational domain of size 6L×1L×1L with a finer mesh size h=0.01L. The results of the different cases are shown in Fig. 2 , where C x = F x /(0.5ρU 2 L 2 ) is the streamwise force in fish-like body swimming and C y = F y /(0.5ρU 2 L 2 ) is the lateral force. The force differences in the three cases are within 5%. The differences in flow structures of the three cases are also limited. The contours of streamwise velocity in plane y = 0 at the same time (acceleration phase) are shown in Fig. 3 .
Numerical observations and discussions
Wake structures
The wake structures behind three-dimensional flapping bodies have been studied extensively. The wake structures can be categorized as two types: single-row wake and double-row wake. The appearance of the wake structure depends on the Reynolds number, aspect ratio and kinematics of flapping motion. The wake structures of the swimming fish-like body in this work are found to be of single-row type and very similar to these of a mackerel-like fish in the work of Borzjani and Sotiropoulos [21] . The wake structures of the swimming fish-like body with finlets are shown in Fig. 4 . The wake structures are identified using the Q-criterion and colored with the values of streamwise vorticity. The wake structures behind the fish-like body show the characteristics of a single-row type: the flow structures consist of a series of hairpin-like vortices. These vortices braid together and are located within a narrow strip region along the horizontal axis of the fish body. The topology of the flow structures is also very similar to that of a flapping ellipsoidal foil in the work of Dong et al. [22] . It is worth pointing out that the evolution of braided vortices does not clearly exhibit the phenomena of "spanwise narrowing". This is different from the result of a flapping ellipsoidal foil in the work of Dong et al. [22] , but in agreement with that of Ellenrieder et al. [23] . The appearance of the spanwise narrowing seems to be dependent on the morphology and the kinematics of the flapping foil. The wake structures of the swimming fish-like body without finlets are almost the same as that with finlets. Fig. 5 shows the comparison of the flow structure near the caudal peduncle. The structures in the red circle of Fig. 5(a) are generated by the motion of finlets. A detailed examination of these vortices shows that they are the streamwise vor- ticities generated by the lateral motion of the peduncle. Both the crosswise vorticity and spanwise vorticity in this region can induce a compression to these streamwise vortical structures and reduce their strength significantly. This effect of vorticity attenuation occurs immediately downstream of the finlets, this is the reason why the finlets have little effect on the far wake structures. This can be shown clearly in Fig. 6 , where the contours of streamwise vorticity at the y = 0 plane are plotted. There is only a little difference between the two near the region of the caudal peduncle, and the flow structures outside this region are almost not affected at all.
Because of the almost identical characteristics in wake structures, the forces on the fish-like body with and without finlets are only slightly different. No improvement in the performance has been found with the addition of finlets under the present conditions. Indeed there is a little increase in drag. This is a support of the drag-increasing hypothesis presumed by Nauen and Lauder [14] , though the morphology and the kinematics of the present finlets model are different from the real fish.
Flow around the caudal peduncle
To investigate the effect of finlets on local flow, streamlines and streamwise vorticity around the caudal peduncle are examined. Fig. 7 shows the projection of streamlines in x-z plane (y = 0) for the fish-like body with and without finlets respectively. Fig. 7(a) and (b) show the streamlines at the accelerating phase of stroke. The direction of the longitudinal velocity is modified only a little by the motion of finlets.
A slice parallel to the y-z plane at x =0.6 is extracted to investigate the flow across the peduncle. The slice is just after the finlets for the fish-like body with finlets. The streamlines and streamwise vorticity contours are shown in Fig. 8 . Both flows at the accelerating and decelerating phase of stroke are plotted. The streamlines are more asymmetric and the streamwise vorticity is larger for the fish-like body with finlets. These results indicate that the finlets redirect the flow across the peduncle and enhance the three-dimensional effect of the flow. The present result partly supports the hypothesis of Webb [12] and Lindsey [13] . That is, finlets deflect flow across the caudal peduncle, and have little effect on the longitudinal flow. The result is also in agreement with the observation of Nauen and Lauder [14] . To verify the entire hypothesis of Webb [12] and Lindsey [13] , a simulation at higher Re number and with the real geometry and kinematics may be needed.
Conclusions
The swimming of a three-dimensional fish-like body with and without finlets is numerically simulated. The fish-like body undergoes the prescribed undulation in a uniform flow. A simplified finlets model is used in the simulation and the effect of the finlets is investigated. Improvement of hydrodynamic performance has not been found under the present conditions. It is found that the finlets can redirect the local flow across the caudal peduncle, but cannot affect the wake structures. The result is in agreement with the conclusion of Nauen and Lauder [14] , though the morphology and kinematics of the finlets model are different from those of a real fish. The performance of finlets could be sensitive to the size, position, morphology, and kinematics. Only rigid rectangular finlets undulating with the body have been studied in this work. To better understand the role of finlets, more complex models and motions of the finlets need to be investigated.
